Abstract Welding austenitic stainless steels to carbon and low alloy steels are widely practiced in the process and construction industries. Their potential failures are underrated and underreported. In this research, erosion accelerated corrosion of a carbon steel-stainless steel galvanic couple was simulated to mimic the field failure analysis. The weight-loss of a metal during erosion-corrosion is caused by both galvanic corrosion component and erosion component. Furthermore, the results show that the percentage of corrosive weight-loss of the total weight-loss increases with the increasing cathode/anode area ratio, indicating the accelerating corrosion of carbon steel under the large cathode-small anode geometry.
Introduction
When two different alloys are joined by welding them together, it is termed as dissimilar metal welding. A dissimilar metal weldment contains a weld deposit with a chemical composition that differs from the composition of either of two different alloys that have been welded together. Although not recommended, this procedure is being practiced on a daily basis and can be found in various fields, including in corrosive environments (Shushan et al., 1996; Arivazhagan et al., 2011; Kamachi Mudali et al., 2003; Raj and Mudali, 2006; Ahmad, 2006) . Welding dissimilar metals has always been considered as a problem due to the different ways in which metals respond to various heats, stresses, strains, and environments. Although problems involving dissimilar welding are rare, they do exist and some of them are documented, ranging from residual stress problems (Joseph et al., 2005) to corrosions (Pimenta and Jarman, 2010) .
In more specific manner, welding austenitic stainless steels to carbon and low alloy steels are widely practiced in the process and construction industries. It is usually done using full fusion weld methods, including TIG (Tungsten Inert Gas) and MIG (Metal Inert Gas). Practitioners usually select the weld filler such that the joint is considered as being stainless, rather than being carbon steel. Over-alloyed fillers are used to avoid dilution of the alloying elements in the fusion zone of the parent stainless steel. Over the past decade, the technology for dissimilar welding has developed to more advanced, including friction welding (Paventhan et al., 2011) . Unfortunately the problems are also inherited.
While unprotected welds subject to aggressive environments such as immersion in seawater could result in sacrificial corrosion to the less noble carbon steel part, typically problems are avoided by painting. Ideally the weld bead is covered so that only the 'parent' stainless steel is exposed. This ensures that galvanic corrosion cells cannot be set up across the joint, where there is a composition 'gradient'. However, even if the galvanic is not a problem in any environment so long as the coating is sound, coating typically does not last forever. Furthermore, coating usually is only applied externally, while the corrosive environments are often located inside.
The cases of the galvanic corrosions tend to be underestimated among other corrosion forms that cost more than 4% of the gross national product of every nation (Richardson and Dawson, 2010) . The galvanic corrosion sometimes is synergized with erosion corrosion. Field engineers often miss this phenomenon and treat the problem simply as erosion corrosion. Few of those cases are reported (Hodgkiess and al., 2003) .
This research combined field failure case study and laboratory experiment of the synergy of erosion corrosion with galvanic aspects of dissimilar steel welding, especially involving stainless steel and carbon steel. The emphasis is more on the galvanic aspect due to the reason that data on erosion corrosion are abundantly available (Rihan and Nesˇic´, 2006; Meng et al., 2007; Proverbio and Bonaccorsi, 2002; Schmitt and Bakalli, 2010) both for stainless steels and for carbon steels. Their methods of improvement are also fairly available (Xi et al., 2008) .
Brief of erosion and galvanic corrosions
Historically, a report on galvanic corrosion was addressed as early as in 1763, in the UK (Vargel et al., 2004) . The hull of the English frigate alarm had been lined with copper plate in order to prevent the devastating effect of shipworms on the wood of the ship and prevent barnacles from attaching themselves to the hull, resulting in a reduction in the vessels' speed. The plates had been fixed with iron nails. After 2 years of navigation in the Caribbean Sea, it was discovered that many copper plates had been lost during navigation over the sea because the nail heads were galvanically corroded (Trethewey and Sargeant, 1992) .
Chemically, whenever two different types of metals are in contact, galvanic corrosion is possible. The metal with the more electronegative metal, acts as the anode. The contact area must be surrounded by an aqueous liquid in order to ensure ionic conduction. Since galvanic corrosion works like a battery, Faraday's law applies. In theory, this makes it possible to calculate the quantity of metal that is consumed at the anode:
where m is the mass, A is the metal's atomic mass, n is the valency, I is the intensity (in amperes) of the coupling current, and t is the time in seconds. The more conductive the electrolyte is, the greater the galvanic corrosion will be. The current density at the anode, which governs the dissolution rate of the metal, depends on the ratio of areas (Covino and Cramer, 2004) :
Here, k is the Mansfeld area ratio. Therefore, the most favorable case is a large anodic surface and a small cathodic surface. In this research, the value of k was varied by changing the area of each constituent without changing the total area. On the other hand, erosion corrosion is a degradation of material surface due to mechanical action, often by impinging liquid, abrasion by slurry, particles suspended in fast flowing liquid or gas, bubbles or droplets, and cavitation. With increasing flow rate corrosive substances are brought more quickly to the metal surface, while reaction products are completely or partly removed. At higher flow, higher mechanical forces can act on the metal surface (liquid impacts, cavitations), causing more direct mechanical destruction of the material; it is mechano-chemical metal damage.
Experimental results

Field failure case study
Two samples that were originally connected by welding were selected for case study analysis. While the detailed data are the proprietary of the customer, the pipe was taken from the location that has the pH of 7.2-7.9, relatively neutral environment with corrosive agent of chlorine with concentration of approximately at the level of 200 ppm and flow rate around 0.1 m/s and temperature about 80°C. The system was used for 8 years before the leaking was found, although from mechanical design point of view, the system should last much longer, 20 years. Table 1 shows the chemical composition of the samples. The analysis was performed using GDS (glow discharge spectroscopy). Material with similar composition was used for the laboratory tests. Fig. 1 shows the appearance of the samples as well as metallography of the cross section focusing the internal surface.
In Fig. 1 , the tubes were originally connected. Therefore, the environment was identical. On the right side of the figure, the stainless steel tube surface showed no indication of metallurgical damage. On the left side, the carbon steel tube surface showed clear indication of corrosion. It is worth noting here that away from the welding, no corrosion indication was found. The mode was thought to be galvanic corrosion mixed with some erosion.
Laboratory test
To simulate what happened in the field, samples shown in Fig. 2 were prepared. Variation of the area ratio k (see Eq. (2)), was made by varying the length of the samples, while the width of the samples was kept the same. Both the stainless steel and the carbon steel plates were cut into five different measurements. Reference for 100% area, is 10 cm length sample. The five measurements for the cathode sides of the specimens were 1 cm, 3 cm, 5 cm, 7 cm, and 9 cm (width 15 mm, thickness 4 mm). This subsequently makes the area ratio k of 0.9, 2.7, 4.5, 6.3, and 8.1. Combination of the connection made the total samples of 30 (3 sets · 2 groups). The welding was performed using GTAW techniques for dissimilar metal welds, with the groove angle of 60°. Fig. 3 shows the cross section of welding and its hardness distribution.
On all sets of samples, immersion test was conducted in 3 wt% of NaCl, varying the immersion time from 7 days up to 21 days. Furthermore, to simulate the influence of erosion effect, group A (consists of 3 sets, total 15 samples in static immersion) and group B (consists of 3 sets, total 15 samples in flowing/circulating immersion with the flow rate of approximately 5 m/s) were tested. The results were then evaluated by means of visual, weight loss, and metallography. Fig. 4 shows representative pictures of the results. The samples that underwent immersion in flowing fluid are not different with that of the simple immersion. To quantify the influence of the erosion, the weight loss evaluation was performed. When doing so, the area of evaluation was also considered. The weight loss data were normalized with respect to the area of evaluation, by neutralizing the anodic area to the smallest area to 300 mm 2 . Fig. 5 shows the results. In general, the weight loss increases as the ratio factor k increases. Similarly, the group tested with the liquid flow shows more weight loss. One can say here that qualitatively, Eq. (2) was proven to influence the corrosion rate. However, in this research, quantitative analysis about this was not performed. Only qualitatively one can say that specimens tested with the flowing liquid suffered more weight loss. Furthermore, the dependency upon the ratio factor k can also be observed (Fig. 5) . Fig. 6 shows the cross section of the specimens. Clearly the sample shows that the stainless steel was protected (cathode), while the carbon steel suffered corrosion. Fig. 6 further also implies that erosion does contribute to accelerate the corrosion rate. Originally welded
Cross section of internal surface at the base material (carbon steel) near the weld area.
Cross section of internal surface at the base material (stainless steel) near the weld area. 
Discussions
Area ratio effect
Through experiment, indirect simulation of what happens in the field failure was simulated. Our finding was clearly in agreement with the current understanding which its foundation was laid by Mansfeld (Mansfeld and Henkel, 1975) . Other researchers have used this principle for various reasons and purposes (Fangteng and Charles, 1988) . The mechanism of the corrosion initiation is also almost identical with that of chemical dissolution (see Fig. 6 ) as it is found and verified by other researchers (Mousavian et al., 2011) . Furthermore, this phenomenon is not limited to only in large plant. It is even found in biomedical implant (Reclarua et al., 2002) .
Synergy of erosion and galvanic effects
Although only qualitatively, the results show a strong influence of the galvanic effect on the erosion. The percentage of weightloss of the total weight-loss increases with the increasing cathode/anode area ratio. Furthermore, the quantity of the influence was also not linear or simple; it is a complex synergy, as it is also reported that some combination does produce an antagonistic instead of synergistic. In our experiment, the results show an indicative of the accelerating corrosion of carbon steel under the large cathode-small anode geometry. Similar results were obtained by other researchers (Rajahram et al., 2012; Dong et al., 2010) .
Conclusions
Erosion accelerated corrosion of a carbon steel-stainless steel galvanic couple in a chloride solution was simulated to mimic the field failure analysis. It is concluded that the geometric factor accelerates the corrosion of anode in a galvanic couple due to the ''area effect'', where a small anode corrodes more rap- Figure 4 Representative of the samples. In the left is sample from group A (immersion only), while on the right is from group B (immersion with fluid flow to simulate erosion-corrosion) after 21 days of testing. idly than a large anode in the galvanic couple. This research clarifies that carbon steel-stainless steel with the environment of flowing sodium chloride does indeed produces synergetic corrosion instead of antagonistic corrosion.
